Large In-plane Anisotropy on Resistivity and Thermopower in The Misfit Layered 

Oxide Bi 2 a Pb ir Sr 2 Co 2 O v 
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We investigated the in-plane anisotropy on the resistivity and thermopower of Big-aPbaS^Cc^Oj/ 
single crystals, which have a misfit structure between the hexagonal C0O2 layer and the rock salt 
Bi2Sr2 04 layer. The resistivity and thermopower show significantly large anisotropy, which exceeds 
two at maximum. This anisotropy would come from the anisotropic pseudogap formation enhanced 
by the misfit structure. The thermopower changes with Pb doping to take a maximum at £=0.4. 
The misfit structure improves the thermoelectric properties through chemical pressure. The power 
factor is as large as 9 /jW/cmK 2 at 100 K for x=0.6, which is the highest value for thermoelectric 
oxides at 100 K. 

PACS numbers: 



The strongly correlated electron systems in oxide of- 
ten show unusual physical properties, such as high- 
T c superconductivity in cuprates and colossal magneto- 
resistance in manganites. Recently, layered cobalt oxides 
NaCo 2 4 J§, Ca-Co-0 |, §, Bi-Sr-Co-0 g §, and Tl- 
Sr-Co-0 16] were found to show a large thermoelectric 
power, and exibited a potential advantage for thermoelec- 
tric material. We have previously pointed out that the 
high thermoelectric performance of the layered cobalt ox- 
ides cannot be explained by a conventional band picture, 
and proposed that the strong electron-electron correla- 
tion plays an important role in the large thermoelectric 
power 0. 

The layered cobalt oxides with large thermoelectric 
power consist of the alternating stack of a conducting 
C0O2 layer and an insulating blocking layer. The Bi- 
Sr-Co-0 system was first thought as having a structure 
isomorphic to that of the superconducting compound 
Bi2Sr2CaCu208+a (Bi-2212). However, it turned out 
that the square Bi2Sr2C>4 lattice lies on the triangular 
C0O2 lattice with a misfit along the b axis ||. Similar 
crystal structure was reported in (RX) X MX2 (R = La, 
Ce, Sm, Gd, Yb; M= Ti, V, Nb; X = S, Se), where the 
square RX layer was intercalated between the trianglar 
MX 2 layers (9). These intercalated units weakly cou- 
ple with conductive MX2 layers via the van der Waals 
force. In the case of the Bi-Sr-Co-0 system, the cou- 
pling between the Bi 2 Sr 2 04 layer and the C0O2 layer is 
ionic and much stronger than these materials. Therefore, 
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due to the subcells with different symmetries, the sym- 
metry of the electronic states would be altered to induce 
in-plane anisotropy in physical properties. Moreover the 
misfit structure would induce chemical pressure along the 
6-axis direction. We further note that another structural 
feature in the Bi-Sr-Co-0 system is a stron gly modulated 
BiO layer, as is similarly seen in Bi-2212 po| along the 
b axis, which disappears with Pb doping ]ll[ |. Thus, Bi- 
Sr-Co-0 system is very complicated with the misfit and 
modulation structures. It is interesting how the elec- 
tric properties are affected by the misfit and modulation 
structures. Here, we report on the in-plane anisotropy on 
the resistivity and thermopower of the Bi-Sr-Co-0 sys- 
tem. 

Single crystals of (Bi,Pb)-Sr-Co-0 were grown by a 
traveling solvent floating zone (TSFZ) method. Start- 
ing composition was Bi2- x Pb x Sr2Co20j / (a;=0, 0.4, 0.6, 
0.8). The actual composition was analyzed through in- 
ductively coupled plasma-atomic emission spectroscopy 
(ICP) and energy dispersive X-ray analysis (EDX). 
Structural analysis was performed using four-circle X- 
ray diffractmeter (Cu K Q X-ray source) and transmission 
electron microscope (TEM). The resistivity was mea- 
sured using a standard four probe method. The ther- 
mopower was measured using a steady-state technique. 

The chemical compositions of the samples used for this 
study are listed against the nominal composition in Table 
1(a). Hereafter, we will refer the samples as the nominal 
composition of Pb (x=0, 0.4, 0.6, and 0.8). The EDX 
and ICP data are in excellent agreement with each other, 
where (Bi+Pb) : Sr : Co - 2.1 : 2.1 : 2.0. We can see 
that the actual composition of Pb is roughly equal to the 
nominal composition except for x=0.8. x=0.6 and x=0.8 
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TABLE I: (a) Chemical composition estimated from energy 
dispersive X-ray (EDX) analysis and inductively coupled 
plasma-atomic emission spectroscopy (ICP). (b) Lattice pa- 
rameter determined from four-circle X-ray diffrectmater. bus 
and ha are the 6-axis length of the rock-salt and the hexag- 
onal subcells, respectively, bn is determined by the electron 
diffraction patterns. 



(a) Composition 










Sample 


Bi 


Pb 


Sr 


Co 


2=0 EDX 


2.21 





2.20 


2.0 


fCP 


2.1 





2.1 


2.0 


2=0.4 


1.61 


0.40 


2.09 


2.0 




1.82 


0.42 


2.18 


2.0 


a;=0.6 


1.58 


0.57 


2.13 


2.0 




1.60 


0.60 


2.10 


2.0 


a;=0.8 


1.60 


0.55 


2.15 


2.0 




(b) Lattice parameter 








Sample ans (A) 


bus (A) 


C (A) 


b H (A) 


P (deg.) 


2=0 4.937 


5.405 


29.875 


2.8 


93.554 


2=0.4 4.914 


5.221 


29.974 


2.8 


92.315 


2=0.6 4.904 


5.206 


30.041 




92.657 



exhibit no difference in the actual chemical composition, 
the lattice constant, and the transport properties, which 
indicates that the solubility limit of Pb is considered to 
be about £=0.6. 

The lattice constants and the angle (3 are listed in Table 
1 (b) . With increasing Pb concentration, the c-axis length 
expands continuously from 29.84 Aof x=0 to 30.04 Aof 
x=0.6, whereas the 6-axis length of the rock-salt layer 
bus discontinuously shrinks from 5.38 Aof x=0 to 5.22 
Aof x=0A with the a-axis length of the rock-salt layer 
(Irs nearly unchanged (4.9 A). This is in good agreement 
with the powder XRD measurement by Yamamoto et 
al @. 

Figures 1(a) and (b) show the TEM diffraction pat- 
terns of x—0 and 0.4, respectively, which clearly show 
a rock-salt diffraction pattern from the Bi2Sr204 layer 
and a hexagonal diffraction pattern from the C0O2 layer. 
The a- and 6-axis length of the hexagonal C0O2 layer 
(flu, bn) is estimated to be about 2.8 Aand the angle 
between them is about 60°, which is independent of x 
within the resolution limit of the TEM image. From the 
above structural analysis, the prepared samples show the 
misfit structure along the b axis (13 bH ~ 7 bus ~ 36 A), 
while the a-axis length of the rock-salt layer matches with 
that of the hexagonal layer (o,rs ~ V% a H ~ 4.9 A). The 
TEM diffraction pattern of x=0 shows satellite reflection 
due to the modulation structure along the oblique direc- 




FIG. 1: Electron diffraction patterns of (a) 2=0 and (b) 
2=0.4. 

tion (tilted about 45°) from a* RS or b RS . In contrast, 
there is no satellite reflection in x=0A, indicating that 
the modulation structure disappears in this compound. 
This modulation structure was also confirmed with the 
Laue transmission photographs (not shown here). 

Figure 2 shows the temperature dependence of the a- 
and 6-axis resistivities (We refer the a- and 6-axis direc- 
tions as the a,Rs and bus directions). All the samples 
show a metallic behavior at room temperature. With Pb 
doping, the magnitude of the resistivity continuously de- 
creases, suggesting that carriers are doped through the 
substitution of divalent Pb 2+ for trivalent Bi 3+ [|[ [l2). 
Note that the magnitude of resistivity for all samples is 
unusually large for a metal. The large p comes from a 
short in-plane mean free path (~ 3 Aat 300 K) which is 
comprable to the Co-Co bond length, and suggests the 
incherent nature of the metallic behavior (These materi- 
als are called bad metal) p3| . 

The in-plane anisotropy of the resistivity (pb/pa) is 
shown in the inset of Fig. 2. Contrary to the rel- 
atively small Pb/pa for x=0, Pb/p a of x—OA increases 
strongly below 50 K. This comes from the different tem- 
perature dependence; pb shows an upturn below 50 K, 
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FIG. 2: Temperature dependence of the a- and 6-axis resis- 
tivities. Inset: In-plane ansotropy of the resistivity (pt/p a )- 



whereas p a remains metallic down to 4.2 K. Pb substitu- 
tion for Bi strongly suppresses the low-temperature up- 
turn and £=0.6 is again less anisotropic. (Since p a is 
sensitive to the current direction, a small upturn of p a 
of .t=0.6 is possibly due to the misalignment of the con- 
tacts.) Since the triangular C0O2 layer itself shows no 
in-plane anisotropy, the observed anisotropy is anoma- 
lously large from the viewpoint of group theories. This 
is considered to come from the rock-salt Bi2Sr204 lay- 
ers of different symmetry. Actually, Bi-2212, which con- 
sists of the square CuC>2 and the rock-salt Bi2Sr2C>4 lay- 
ers, shows much less in-plane anisotropy in the resistiv- 
ity Q . We have previously proposed the pseudogap for- 
mation in Bi-Sr-Co-0 at low temperatures B, and have 
attributed the upturn of the low temperature resistiv- 
ity to the decrease in the density of states. Accordingly, 
the in-plane anisotropy suggests that the pseudogap is 
anisotropic (nearly zero along the a axis). 

Figures 3(a), (b) and (c) show the temperature de- 
pendence of the a and b axis thermopower for x=0, 0.4 
and 0.6 respectively. Pb substitution for Bi enhances the 
thermopower in both directions from x=0 to 0.4. For 
example, the magnitude of the a-axis thermopower in- 
creases from 140 to 160 //V/K at room temperature in 
going from x~0 to 0.4. However, it decreases down to 140 
/iV/K for x=0.6. We have claimed that the large ther- 
mopower in Co oxides is attributed to the strong electron- 
electron correlation Q . The increase of the thermopower 
from x=0 to 0.4 is considered to be due to the discon- 
tinuous shrink of the bus axis, which causes a chemical 
pressure along the b axis. A similar phenomenon is seen 
in the Ce-based compounds [Q, where the thermopower 
increases with increasing pressure [ fTjjj . The decrease of 
the thermopower from x=0A to 0.6 is possibly due to the 
increase of the carrier density, because the 6-axis length 
is nearly unchanged. 

Next, we consider the anisotropy in the thermopower. 
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FIG. 3: Temperature dependence of the a- and 6-axis ther- 
mopower for (a) x=0, (b) x=0A, and (c) x=0.6. Inset of 
(b): In-plane anisotropy of the thremopower (Sb/S a )- Inset 
of (c): The power factor (S 2 / p) of 1=0.6 along the a- and b- 
directions. 



In the inset of Fig. 3(b), we show the in-plane anisotropy 
of the thermopower (Sb/S a ). All the samples exhibit a 
large anisotropy which is characterized by a larger 6-axis 
thermopower below 100 K. At around 50K, the 6-axis 
thermopower of x—OA is about two times larger than 
the a-axis thermopower. Note that the temperature de- 
pendence of Sb/S a roughly corresponds to that of pb/p a - 
The magnitude of Sb/S a also agrees with that of Pb/p a , 
where x=0A shows the largest value of two. These results 
strongly suggest that Sb/S a and pb / p a are predominantly 
determined by the density of states, and that the scatter- 
ing time is essentially temperature- independent, which is 
consistent with the bad-metal picture. In this context, 
Sb/S a comes from the anisotropic density of states in- 
duced by the anisotropic pseudogap. One may notice 
that the anisotropy of the resistivity is smaller than that 
of the thermopower for x—0. We attribute this to the 
modulation structure, which works as anistropic scatter- 
ing center for Bi-2212 @. 

The power factor (S 2 /p) is a measure of the thermo- 
electric properties, which means that large themopower 
and low resistivity are required to thermoelectric materi- 
als. The power factor along the b axis for a;=0.6 is more 
than two times as large as that along a axis at around 
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50 K (Inset of Fig. 3(c)), which indicates that the ther- 
moelectric properties can be improved (doubled in the 
present case) with controlling the misfit structure. The 
magnitude reaches as large as 9 /iW/cmK 2 that is highest 
for thermoelectric oxides at 100 K. 

Finally, let us discuss the origin of the anisotropic pseu- 
dogap. We have previously proposed that a spin-density- 
wave (SDW)-like state is a possible origin for the pseu- 
dogap in NaCo2C>4 fL6[ . SDW is closely related to the 
topology of the Fermi surface and its nesting, and thus 
the pseudogap is favorable to open along a nesting vector. 
Assuming that the hexagon-like Fermi surface calculated 
for NaCo2C>4 [|l7| is also applicable for the Bi-Sr-Co-0 
system, we expect that SDW is formed along the six- 
fold T-K direction. The misfit structure lowers the crys- 
tal symmetry of the C0O2 layer to suppress the nesting 
along the a-axis direction. Considering that disorder in- 
duces an SDW- like transition in NaCo204, we think that 
the misfit structure is likely to enhance the SDW insta- 
bility in the Bi-Sr-Co-0 system. 

Another scenario is based on the fact that the in-plane 
anisotropy of the Bi-Sr-Co-0 system is as large as that 
of YBa2Cu30j, for the heavily oxygenated sample of y=7 
and the oxygen deficient sample of y=6.35 [Q. There 
are additional conductive CuO chains in y=7, which 
are responsible for the large anisotropy. With decreas- 



ing oxygen content, the CuO chains are progressively 
destroyed, and the orthorhombicity almost vanishes in 
y=6.35. The large anisotropy in y=6.35 is attributed to 
a self-organization of the two-dimensional electrons, such 
as a charge stripe. In this sense, there is a possibility that 
the in-plane anisotropy in the Bi-Sr-Co-0 system comes 
from a charge stripe. 

In conclusion, we grew single crystals of 
Bi 2 - a; Pb 2; Sr2Co20y by a TSFZ method. From the 
structural analysis, we confirmed that they have a misfit 
structure along the b axis, and that x=0 exhibits a 
modulation structure, whose direction is tilted by about 
45° from the a- and 6-axes. We found that the resistivity 
and thermopower shows a large anisotropy, which 
would come from the anisotropic pseudogap formation. 
Accordingly the pseudogap in the 6fjs-axis direction 
makes the resistivity nonmetallic, and the thermopower 
larger at low temperatures. Aside from the pseudogap, 
the misfit structure enhances the thermopower through 
chemical pressure, and we suggest that we can improve 
the thermoelectric properties by controlling the misfit 
structure. The maximum power factor is as large as 9 
/iW/cmK 2 at 100 K for x=0.6 along the b axis, which is 
the highest value at 100 K among various thermoelectric 
oxides. 
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